We have used deep Optical Gravitational Lensing Experiment (OGLE-IV) images (V 23 mag, I
INTRODUCTION
Being the brightest sources of continuous light in the Universe, quasars serve as tracers of properties of the distant Universe.
In particular, they act as probes of the phase transition from the neutral to ionized Universe, the re-ionization era, at 6 < z < 11 (e.g., Djorgovski et al. 2001; Fan et al. 2002; Planck Collaboration et al. 2014; Greig et al. 2017) . High redshift quasars must be inherently connected to the cosmic structure in the early Universe, reflect their evolution, and also shed light upon (and influence) the evolution of the intergalactic medium. It has been proposed that they may be used as "standardizable candles" to measure distances to the highest accessible redshifts (e.g., Pica & Smith 1983; Watson et al. simkoz@astrouw.edu.pl 2011; Czerny et al. 2013; Risaliti & Lusso 2015) . High-z quasars could also shed light on the puzzle of the origin and growth of super-massive black holes (SMBHs) shortly after the Big Bang. For example, Bañados et al. (2018) recently reported a quasar hosting a black hole with a mass of 8 × 10
8 M ⊙ at a redshift of z = 7.54, just 700 million years after the Big Bang. The explanation of its origin and growth challenges some of the current SMBH formation models. It requires a seed BH at z 40 with 100 M BH0 10000 M ⊙ to start with, the Eddington-limited accretion L/L Edd = 1, and about 700 million years to grow such a BH, using the SMBH growth equation t ≈ 0.043 ln (M BH /M BH0 ) Gyr (e.g., Shapiro 2005; Madau et al. 2014; Matsuoka et al. 2016; Bañados et al. 2018) .
For all the above reasons, high redshift quasars have been and still are the target of intensive searches, providing to date approximately 320 quasars at z > 5, 90 at z > 6 (e.g., Fan et al. 2001; Venemans et al. 2013; Bañados et al. 2016; Wang et al. 2016; Matsuoka et al. 2018 ) and two at z > 7 (Mortlock et al. 2011; Bañados et al. 2018) .
In general, quasar spectra or spectral energy distributions (SEDs) are well understood. In the UV and optical, the SED is dominated by emission from an accretion disk, forming a "blue" continuum up to about 1µm (rest-frame). At longer wavelengths, up to mid/far-IR, the quasar emission is dominated by a dusty torus, forming an "IR bump". On top of these features, there exists a number of known and generally understood broad and narrow emission lines, of which the most common are Lyα, CIV, CIII], MgII, Hβ, [OIII] , and Hα.
A typical method for selecting high-z quasars is to observe them in a number of UV-optical-IR filters and search for a sudden drop in luminosity below a certain wavelength. Such a break appears at wavelengths shorter than Lyα at 1216Å (rest-frame) for high-z quasars due to a significant absorption by clumps of neutral hydrogen along the line of sight. For example, an i-band (7625Å; Fukugita et al. 1996) "dropout" simply means that a quasar is not detectable in the i-band (and other shorter wavelength bands) but is certainly detectable in redder filters such as the z-band (9134Å). We can quickly infer the redshift in such a case that must be z ≈ 6 (e.g., ∼8500Å/1215.67Å = 1 + z).
Another powerful method of selecting quasars is the mid-IR selection (e.g., Lacy et al. 2004; Stern et al. 2005 Stern et al. , 2012 Assef et al. 2013) . The dusty torus absorbs a fair fraction of radiation coming from the disk and re-emits it in IR, what makes AGNs readily visible, bright sources in mid-IR. Another obvious step is to combine both the optical and IR selection methods (e.g., Koz lowski & Kochanek 2009; Yang et al. 2016) , and also supplementing them with other wavelengths (X-ray, radio; e.g., Gorjian et al. 2008; Bañados et al. 2015) . AGN are also known as variable sources (e.g., Vanden Berk et al. 2004; MacLeod et al. 2010 ) with amplitudes of about 0.25 mag in optical bands, provided the light curves are several-years-long in rest-frame (e.g, Koz lowski 2016).
In this paper, we combine the optical "V -band dropout" method with the mid-IR quasar selection methods, where we pay close attention to AGN candidates that are variable sources in I-band. Because there exists a well known anti-correlation between the variability amplitude and the luminosity L and/or Eddington ratio (L/L Edd ∝ L/M BH ) for AGN (e.g., MacLeod et al. 2010; Koz lowski 2016) , their variability is expected to be tiny given the necessary high luminosity for high-z quasars to be observable. The paper is organized as follows. In Section 2, we will present methods used to select high-z quasar candidates, while in Section 3, we will describe the two high-z confirmed quasars in the OGLE survey. In Section 4, we will present the remaining candidates. The paper is discussed in Section 5.
THE METHOD
The OGLE-IV survey (Udalski et al. 2015) has monitored the Magellanic Clouds area since 2010. Each 1.4 sq. deg. field out of 560 has been observed at least 100 times in the I-band. We have stacked typically 80 and 20 high-quality, good-seeing, low-background images in I-band and V -band (Udalski in prep.), respectively, to increase the depth of detection to about I < 23.0 mag (3σ) and V < 23.0 mag (3σ), both in the Vega magnitude system.
In Figure 1 we present the expected observed V -and I-band magnitude of quasars as a function of redshift and absolute I-band magnitude. We used a standard ΛCDM model with Ω M = 0.29, Ω Λ = 0.71, H 0 = 70 km s −1 Mpc −1 , and the Vanden Berk et al. (2001) spectrum to calculate k-corrections. For redshifts z > 4, the Lyα line is redshifted out of the V -band filter, while the continuum flux is highly attenuated by neutral hydrogen in the Universe (a leftover from the re-ionization era), leading to a sudden drop of luminosity in V -band. This is why quasars at z 4 become undetectable in the OGLE V -band (the left panel of Figure 1 ). At the same time, the I-band filter is dominated by the maximum flux from an accretion disk for z 6. The Lyα line is redshifted out of the I-band filter at about z 6.5 leading to a sudden drop in luminosity above this redshift (the right panel of Figure 1 ). The OGLE-IV filter setup is most sensitive to the V -band dropout method with the target redshifts of 4 z 6.
We have matched the deep OGLE V I photometric maps to the AllWISE infrared data, where AllWISE 1 is a merger of WISE (Wright et al. 2010 ) and NEOWISE (Mainzer et al. 2011) projects. In the top-left panel of Figure 2 we present the W 1 − W 2 (3.4µm−4.6µm) and V −I color density map for a selected 30 sq. deg. area in between the Magellanic Clouds. The extinction towards this area is typically A V = 0.09 mag and A I = 0.05 mag (Schlafly & Finkbeiner 2011) , and for both V − I and WISE colors were assumed to be negligible in this quasar search.
We used the twelfth quasar data release (DR12Q, Pâris et al. 2017 ) of the Sloan Digital Sky Survey (SDSS) to locate quasars in the optical-mid-IR color- color diagram. Since SDSS provides the photometric maps in ugriz filters (Fukugita et al. 1996) , we converted them into V I maps. We used the combined UV-optical quasar spectrum from Vanden Berk et al. (2001) and the low resolution spectral energy distribution from Assef et al. (2010) to transform individual DR12Q SDSS quasar colors to the OGLE colors. In the top-right panel of Figure 2 , we present the color-color tracks for quasars as a function of redshift (solid line), where the bulls-eye corresponds to z = 0, and each dot marks the increase of redshift by 1. On top of the colorcoded density map, we also show contours (dashed lines) for over 190,000 AGNs from SDSS DR12Q matched to AllWISE (with σ W 1 < 0.1 mag, σ W 2 < 0.1 mag, and σ W 3 < 0.2 mag), where the three levels are 10, 100, and 1000 objects per bin (0.125 mag in V − I and 0.06 mag in W 1 − W 2).
To understand the density shapes in the color-color map in the top-left panel of Figure 2 , we also calculated color-color tracks for spiral, elliptical, and irregular galaxies using the Assef et al. (2010) models, shown as color-coded dotted, dash-dotted, and solid lines, where again the bulls-eye is for objects at z = 0 and the dots mark the increase of redshift by 0.5, up to z = 2.0 (bottom panels of Figure 2 ). The dashed line presents the black body color (a simplified model for stars) as a function of temperature, where the most left hand side dot is for 9000K and the temperature drops by 1000K for each dot toward right (as the V − I color increases).
The quasar tracks (solid black line) in both bottom panels of Figure Since we are interested in high-z quasars it is clear we should search for objects with large V − I colors (or with no detection in V , the V -band dropout) and the (W 1 − W 2) colors of about 0.5 mag. We used the following cuts to select high-z quasar candidates: a point source with 18.5 < I < 20.5 mag (to exclude low-z contaminating extended galaxies, and to be still able see the variability, albeit heavily obscured by the photometric noise), (V − I) > 1.5 mag (preferably with non-detection in V), W 1 > 16 mag (to avoid potentially bright IR sources from the Magellanic Clouds), 0.3 < (W 1 − W 2) < 0.9 mag, (W 2 − W 3) > 2.5 mag (to avoid brown dwarfs with (W 2 − W 3) 2.5 mag from Kirkpatrick et al. 2011) , (I − W 1) < 3.2 mag. After these cuts we are left with 38 sources, but as we will show in the next section, we removed additional five sources due to high proper motions, finally leaving us with 33 candidates. Adding the requirement of visually detectable variability 2 , we were able to find three variable high-z quasar candidates, of which as of now two have been studied spectroscopically (this paper). The density map along with the AGN density contours (the inner one with 1000, middle 100, and outer 10 AGN/bin) is shown. The solid line shows the color-color AGN track based on SDSS ugriz magnitudes converted to OGLE V I system as a function of redshift, where the bulls-eye is z = 0 and each dot marks a redshift increment of 1. The dashed, near horizontal, line is the color-color track for a black body (a simplified model for stars) as a function of temperature, where the leftmost dot marks the temperature of 9000K, while the other dots show a temperature decrement by 1000K (going from left to right). Bottom-left: The solid line shows the color-color AGN track obtained from a synthetic AGN spectrum as a function of redshift, where the bulls-eye is z = 0, and each dots mark a redshift increment of 1. We also show color-color tracks for spiral (solid green line), elliptical (red, dash-dot), and irregular (dotted orange) galaxies obtained from the Assef et al. (2010) templates. Again, the bulls-eye is for z = 0, while each dot marks a redshift increment of 0.5. Bottom-right: We remove the density map for better visibility of the tracks and contours. In-depth discussion of the figure is provided in Section 2.
3. THE HIGH-Z QUASARS 3.1. OGLE J015531−752807 OGLE J015531−752807 is our first variable high-z quasar candidate to be followed-up. The source is located at (RA, Decl.) = (01:55:31.08, −75:28:07.13); it has not been detected in the V -band (V > 23.0 mag), while its I-band magnitude is I ≈ 20.0 mag, with the peak-to-peak variability amplitude of ∼0.5 mag. It is also located in two overlapping OGLE-IV fields, where its ID is: MBR104.01.297 and MBR110.25.427. We observed the candidate with GROND in g ′ , r ′ , i ′ , z ′ , J, H, K filters (Greiner et al. 2008) on January 10, 2018, on the MPG 2.2m telescope at the ESO La Silla Observatory, Chile (see Table 1 ). The GROND g ′ r ′ i ′ z ′ data were calibrated with a short subsequent exposure of an equatorial field against cataloged magnitudes of field stars from the SDSS, and the JHK s against the 2MASS catalog.
The object is also detected in WISE 3.4 (W 1), 4.6 (W 2), 12 (W 3) and we have an upper limit for the 22 (W 4) µm. There are also available data from Spitzer SAGE-SMC IRAC 4.5 µm (C2) and 8.0 µm (C4) images, and also Spitzer MIPS 24µm (C5) image (Bolatto et al. 2007; Gordon et al. 2011) . We converted these magnitudes into fluxes and modeled this SED using the combined Vanden Berk et al. Note-The GROND data were corrected for the Galactic extinction with E(B − V ) = 0.034 mag. C-and W -filters are from Spitzer and WISE, respectively, and their central wavelength is given in the second column. OGLE J015531−752807 is confirmed as a quasar with a 900 seconds spectrum taken on 2018 January 25 using the Low-Dispersion Survey Spectrograph (LDSS3) at the Clay (Magellan) Telescope at the Las Campanas Observatory, Chile. The observation was carried out in 1.2 arcsec seeing using the VPH-RED grism with the 1 arcsec wide "center" long-slit. The spectrum shows a sharp Lyα break at around 7500Å, indicating that it is a quasar at z > 5. The spectrum was reduced using standard IRAF routines, including bias subtraction, flat fielding, sky subtraction, wavelength calibration, and spectrum extraction. We observed the standard star LTT1788 to perform the flux calibration (Hamuy et al. 1992 (Hamuy et al. , 1994 . The final spectrum, shown in Figure 4 , was scaled to match the i-band GROND follow-up photometry to account for slit losses.
To find the redshift, we have cross-correlated the OGLE J015531−752807 spectrum for λ observed > 7500Å with the Vanden Berk et al. (2001) known to have the CIV line strongly blueshifted with respect to other lower ionization lines such as MgII (e.g., Richards et al. 2011; Mazzucchelli et al. 2017) , which may have an impact on our measurement of the redshift.
One of the interesting aspects of our search was the presence of AGN variability in the I-band. In Figure 6 we present the OGLE light curve for OGLE J015531−752807. We analyzed the light curve using the structure function (SF) methodology that measures the typical variability amplitude as a function of time separation between points (see a review in Koz lowski 2016). The light curve is short in the rest frame, hence we are not (or weakly) probing the bending SF. We therefore model the SF as a single power law using SF = SF 0 (∆t/1 yr) γ and obtain the amplitude at 1 year SF 0 = 0.39 mag and the SF slope γ = 0.56 ± 0.02, the latter consistent with recent AGN variability studies (e.g., Koz lowski 2016; Caplar et al. 2017 ). The measured amplitude of 0.39 mag at rest-frame λ emission ≈ 1300Å, can be compared to typical amplitudes for SDSS AGN in g-band at z = 2.7 and r-band at z = 3.7 (that also probe λ emission ≈ 1300Å) to find that it is significantly higher than typical SF 0 0.15 mag (from SDSS g-and rbands; e.g., Koz lowski 2016).
We calculated the absolute magnitudes to be M I = −27.82 mag or M i = −27.95 mag using k-corrections Figure 6 .
The original OGLE-IV I-band light curves of OGLE J015531−752807 (top; gray points) and OGLE J005907−645016 (bottom; gray). Both light curves are binned into 30-day-long contiguous bins (black). In both cases, the magnitude change is approximately 0.5 mag. The time span is 8.3 (top) and 6.3 (bottom) years, but given time dilation due to the high redshift of our sources, in the rest-frame this corresponds to 8.3/(1 + 5.09) = 1.4 years and 6.3/(1 + 4.98) = 1.1 years, respectively.
nosities are approximately 10 46.3 erg/s and 10 46.8 erg/s (Koz lowski 2015). We also provide the 1450Å rest-frame apparent and absolute magnitudes, m 1450 = 19.98 mag and M 1450 = −26.48 mag, respectively.
From the typical (at lower redshifts) relation between the variability amplitude and the Eddington ratio, we could estimate the L/L Edd of about ∼ 0.02. This is much lower than what has been found for quasars at higher redshifts, where 0.3 < L/L Edd < 0.4 (Mazzucchelli et al. 2017; Shen et al. 2018) . The variability amplitude-Eddington ratio relation has not been tested at high redshifts. This, in principle, could be done by estimating an independent value of the Eddington ratio from measuring the black hole masses in quasars using the MgII line, but this is beyond the scope of this work, primarily aimed at reporting new high-z quasars.
OGLE J005907−645016
The second confirmed quasar is OGLE J005907−645016 at (RA, Decl.) = (00:59:07.37, −64:50:16.11). The OGLE-IV ID for this source is SMC801.19.759. The mean extinction corrected I-band magnitude is I = 19.11 mag. The source is not detected at the 3σ level in the deep V -band, although there is some flux present at this location. Since this object was not observed with GROND, it has a much scarcer SED coverage. Nevertheless, prior to spectroscopic confirmation we obtained the photometric redshift of z ≈ 5.0 for an SED AGN model that included extinction.
Similarly to the first quasar, the confirmation spectrum for OGLE J005907−645016 was taken with LDSS3 (Fig. 4, bottom panel) . This quasar is confirmed in a 900 seconds spectrum taken on 2018 September 29 with 1.0 arcsec seeing and some cirrus clouds. Again, we used the VPH-RED grism with the 1 arcsec wide "red" long-slit. The spectrum shows a Lyα break at around 7310Å, meaning that it is a quasar at z ≈ 5. The cross-correlation of this spectrum with the Vanden Berk et al. (2001) The SF analysis of the light curve's variability provides the amplitude at 1 year of SF 0 = 0.38 mag and the SF slope γ = 0.58 ± 0.04. This is yet again a highly variable AGN, although the primary selection indicator for the spectroscopic follow-up was the presence of the high variability.
OTHER CANDIDATES
In Table 2 , we present basic properties of the remaining candidates selected with the method presented in Section 2. All sources were checked against proper motions in OGLE (one object rejected), and all of them were fit with an SED that includes or excludes the internal AGN extinction. By definition (Section 2) and as a minimum requirement, all the sources have constraints in the V -and I-bands, and the WISE mid-IR bands.
We have cross-matched our list of candidates against the Gaia Data Release 2 catalogue (Gaia Collaboration et al. 2018; Lindegren et al. 2018 ) to find 20 matches of which 12 have proper astrometric solutions (objects with G < 20.9 mag). There are four GAIA sources with well measured parallaxes (< 20%) and relatively high proper motions of 5-28 mas/yr that very likely can not be high-z quasars. We remove them from our sample and the remaining sample consists of 31 good high-z quasar candidates. Note-The header reads: "photo-z ext." means the photometric redshift estimate with the extinction included in the fit, while "photo-z no ext." means the photometric redshift estimate excluding the extinction from the fit (fixed to AV = 0.0 mag), "var./remarks" informs if the source appears to be variable in the OGLE data (yes/weak/no).
None of the candidates including the two confirmed quasars is present in the Simbad database (with a large matching radius of r < 30 arcsec). There is no candidate or quasar present in the Galex database with the radius of r < 5 arcsec (Bianchi et al. 2011 ) nor X-ray detection as reported in Vizier (Ochsenbein et al. 2000) . The closest match to our objects in the NED database is at 9 arcsec, hence none of our candidates and quasars has a counterpart in that database.
SUMMARY
In this paper we presented a high-z quasar selection method designed for the OGLE survey that includes a combination of the V -band dropout method, the optical-mid-IR selection method, and AGN variability. By matching the deep OGLE data and WISE data for the Magellanic Clouds, we were able to select 33 quasar candidates.
The most variable candidate was subsequently observed with GROND in g ′ r ′ i ′ z ′ JHK filters and together with archival data they allowed us to construct an SED from 0.4 to 24 µm at 16 wavelengths. The best AGN SED fit suggested z ≈ 5.2 and A V ≈ 0.28 ± 0.02 mag. We observed spectroscopically this candidate with the 6.5m Magellan Telescope and confirmed it as a genuine quasar at a redshift of z = 5.09. This is the most distant (and variable) object identified in the OGLE survey to date. The monochromatic luminosity of OGLE J015531−752807 at 1350Å is 10 46.3 erg/s, while the bolometric luminosity is 10 46.8 erg/s. Our second confirmed quasar, OGLE J005907−645016, was not observed with GROND, but given the OGLE and WISE data, we estimated the redshift to be z ≈ 5.0. A subsequent spectroscopic follow-up with the 6.5m Magellan Telescope provided the redshift of z = 4.98.
Both sources seem to be significantly more variable (0.38-0.39 mag) at this rest-frame wavelength (∼1300Å) than quasars at lower redshifts (but at the same restframe wavelength) having typical variability amplitude at one year rest-frame of < 0.15 mag (e.g., Koz lowski 2016).
Having a sample consisting of two objects it is virtually impossible to place any constraints on the AGN variability evolution with time. Our two quasars are outstanding because sources when the Universe was 1.7 Gyr old (at z ≈ 3.7) show significantly smaller variability amplitudes than our quasars observed 1.2 Gyr after Big Bang (half a Gyr time difference). Sources with extreme properties, however, are not uncommon in lower-z AGN samples. Therefore, this variability issue can be resolved by studying variability of a larger AGN sample at z ≈ 5. This is entirely possible now, because we also provide a list of 31 AGN candidates at z ≈ 5, where all of them have nearly a decade long light curves from OGLE. A sample of high-z AGN with a decade-long light curves will be also increased by the Large Synoptic Survey Telescope (LSST; e.g., Ivezić et al. 2008; MacLeod et al. 2011) , providing light curves for sources 3-4 mag fainter than OGLE.
